A thermally oxidized TiO 2 or Nb 2 O 5 film equipped with a top Pd film electrode and a bottom Ti or Nb plate electrode (Pd/MO(n)/M, MO: oxide film, M: metal plate, n: annealing temperature (°C)) has been investigated as a diode-type H 2 sensor under air or N 2 atmosphere.
Introduction
Recently, numerous efforts have been directed to developing various kinds of H 2 sensors [1] [2] [3] [4] [5] [6] , because H 2 gas as a clean energy source is significantly expanding into various fields.
We also reported various diode-type H 2 sensors with high and reversible H 2 response as well as fast response and recovery behavior in both air and N 2 atmospheres, compared with other types of gas sensors [7] [8] [9] [10] [11] [12] [13] . These diode-type sensors (Pd/anodic-TiO 2 (n)/Ti, MO: TiO 2 or Nb 2 O 5 , M: Ti or Nb, n: annealing temperature (°C)) were fabricated by anodic oxidation of a metal plate (Ti or Nb) and then consisted of thin metal oxide films (TiO 2 or Nb 2 O 5 ) having well-developed macropores at their surface and noble metal electrodes (mainly Pd). Their excellent H 2 sensing properties seem to arise from much lower Schottky barrier height at the boundary between the Pd electrode and the oxide film in H 2 than that in air, due to dissociative adsorption of H 2 molecules and subsequent dissolution of H atoms into the Pd electrode. On the other hand, Lee et al. reported that a TiO 2 film which was fabricated by thermal oxidation of a Ti plate can also become an attractive H 2 sensing material by controlling the fabrication conditions strictly [14] .
In this study, therefore, thin metal oxide films (TiO 2 or Nb 2 O 5 ) on Ti or Nb plates were fabricated under different conditions by utilizing thermal oxidation and/or radio-frequency (rf) magnetron sputtering, and H 2 sensing properties of these films coupled with a Pd electrode were investigated under both air and N 2 atmospheres.
Experimental
A Ti or Nb metal plate (5.0 × 5.0 mm 2 ) with a thickness of 0.5 mm was oxidized thermally in air at 600~900°C for 6 h or 400~550°C for 1 h, respectively. In some cases, a Nb thin film was physically deposited on the surface of the Ti plate by rf magnetron sputtering (Shimadzu Emit Co., Ltd., HSR-552S) at 300 W for 5 min, and it was also heat-treated at 450°C for 6 h in air. Back sides of these samples were polished by an emery paper to eliminate any oxide layers to ensure the following electrical contacts. The samples obtained were referred to as MO(n)/M (M: Ti or Nb, MO: TiO 2 or Nb 2 O 5 , n: annealing temperature (°C)). The microstructure of the oxide films prepared was observed by a scanning electron microscope (SEM; Hitachi, Ltd., S-2250N).
A palladium thin film was sputtered at 300 W for 10 min on the surface of the oxidized films, and then Au wires were attached with a Pd paste (Tanaka Kikinzoku Kogyo K.K., T60) on both sides of the samples. Thereafter, they were fired at 400°C for 1 h in air. The Accordingly, the base current in air was also too high even at +0.1 V, as shown in Fig. 4(a) .
The response speed to 8000 ppm H 2 of the Pd/TiO 2 (700)/Ti sensor in air was typically fast, but the serious problem was too large over-shooting behavior. Currents both in air and in 8000 ppm H 2 balanced with air observed with the Pd/TiO 2 (900)/Ti sensor were extremely low and it showed no response to H 2 , probably because of the formation of an extremely thick mA even at 250°C) [7] [8] [9] [10] [11] [12] . The fast response and recovery of the anodized TiO 2 film is undoubtedly attributed to its porous structure which facilitates H 2 gas diffusion into the interface between Pd and TiO 2 . And therefore slow response and recovery behavior of the Pd/TiO 2 (800)/Ti is then considered to arise from its dense TiO 2 film. (Fig. 5(a) ), but a little amount of products (submicron-size agglomerates with submicron-size particles) were observed at the surface of the Nb plate ( Fig. 6(a) ). Clear diffraction peaks expected for Nb 2 O 5 were confirmed after the Nb metal was heat-treated in a temperature range between 450°C and 550°C. Their surface morphology was extremely rough and little dependent on their annealing temperature.
Characterizations of Nb
In addition, it was largely different from that of an anodized Nb 2 O 5 film with disordered macropores (ca. 1~3 m in diameter), as reported previously [13] . Fig. 7(a) . As a result, a large response to 8000 ppm H 2 was induced at a forward bias voltage of 1.0 V, as shown in Fig. 8(a) The H 2 responses of Pd/TiO 2 (n)/Ti sensors fabricated in this study were inferior to those of Pd/anodic-TiO 2 (n)/Ti sensors reported in our previous studies, under air atmosphere [7] [8] [9] [10] [11] [12] .
Conclusion
On the other hand, Pd/Nb 2 O 5 (n)/Nb sensors, which were operated under a high forward bias voltage of +1.0 V, showed better H 2 sensing properties in air than Pd/TiO 2 (n)/Ti sensors.
However, the resistance of the Nb 2 O 5 film was too high and the Nb metal was thermodynamically instable at elevated temperatures for gas-sensor applications. o C
